A lthough cerebral arteriovenous malformations (AVMs) are uncommon, 1,36 they often present in young patients, leading to significant overall morbidity and even mortality.
obliteration. A number of patient and AVM characteristics have been suggested to predict outcome following radiosurgery, but studies are often limited due to small numbers of patients, single institution biases, and/or limited followup. In this multicenter study, we reviewed the results following Gamma Knife radiosurgery (GKRS) of cerebral AVMs treated across 2 decades, determined predictors of outcome, and assessed the predictive value of commonly used grading scales based upon this large cohort with long clinical follow-up.
radiosurgical technique
The Gamma Knife models U, B, C, 4C, or Perfexion were used, depending on the technology available at the time of GKRS for each participating center. The radiosurgery procedure began with the application of the Leksell model G stereotactic frame (Elekta AB), using local anesthetic supplemented by additional sedation as needed. After stereotactic frame placement, high-resolution, stereotactic MRI was performed. In cases for which MRI was not feasible or when MRI distortion was a concern, a stereotactic CT scan was obtained. Thin-slice axial and/ or coronal plane images were obtained after intravenous contrast administration. Stereotactic cerebral angiography was incorporated into treatment planning for nidus definition and dose planning. Radiosurgery dose planning was then performed by the neurosurgeon in conjunction with a radiation oncologist and medical physicist.
clinical and neuroimaging Follow-Up
Clinical and neuroimaging evaluations were generally performed at follow-up intervals of 6 months for the first 2 years after radiosurgery and then yearly afterward. When there was no nidus visible on MRI, the patient underwent angiography to confirm the obliteration of the nidus. All images were analyzed by both a neurosurgeon and a neuroradiologist. Patients were instructed to continue MRI follow-up every 1-5 years to monitor for long-term complications, even after their angiogram demonstrated complete AVM obliteration. For those patients for whom MRI was contraindicated (e.g., a cardiac pacemaker present), CT was performed instead. Whenever feasible, patients underwent follow-up neurological examination and neuroimaging at the respective treating center. However, because participating institutions represented tertiary referral centers, some patients underwent follow-up evaluations by their local physicians. For such patients, clinical notes and actual neuroimaging studies (i.e., not just the radiological reports) were received and reviewed by the treating clinicians who performed the GKRS procedure. The follow-up images were compared with the images obtained at the time of GKRS. AVM dimensions were assessed in the axial, sagittal, and coronal planes in relation to comparable measurements on the GKRS neuroimaging studies.
statistical analysis
Data are presented as median or mean and range for continuous variables, and as frequency and percentage for categorical variables. Calculations of normality were assessed graphically and statistically. Statistical analyses of categorical variables were carried out using chi-square and Fisher's exact test associations as appropriate. Statistics of means were carried out using the unpaired Student t-test, both with and without equal variance (Levene test) as necessary, and Wilcoxon rank-sum tests when variables were not normally distributed. Favorable outcome was defined as AVM obliteration and no posttreatment hemorrhage or permanent symptomatic complications following treatment. Patient, AVM, and treatment characteristics were assessed in univariate analysis to test covariates predictive of outcome. Clinically significant variables and interaction expansion covariates were both further assessed in multivariable analysis as deemed relevant. Factors predictive in univariate analysis (p < 0.15) were entered into multivariate logistic regression analysis models both with and without treatment characteristics. 4 Eloquence was assessed according to the Spetzler-Martin grading scale, location was defined according to the updated 29 version of the modified radiosurgery-based AVM score (RBAS), and the Virginia Radiosurgery AVM Scale (VRAS) was defined as originally described (Table 1) . 39 Additionally, competing risk survival analysis of AVM-free obliteration was calculated using the modified Kaplan-Meier method and Gray's method. 17 After confirmation of the assump-tion of proportional hazards, factors predictive of obliteration (p < 0.15) were entered into modified multivariate Cox regression analysis to assess hazard ratios in the presence of competing mortality risk (mHR). 14 Multivariate regression models and commonly used grading scales were assessed using area under the receiver operating characteristic curve (AUC). Youden indices were calculated to determine cutoffs for the dichotomized continuous variable margin dose (Gy) that yielded the optimal discrimination of radiation-induced changes. A p value of less than or equal to 0.05 was considered statistically significant.
results
Of the 2236 patients with cerebral AVMs, the mean age at the time of treatment was 36 years, and 49.6% were female ( The mean prescription dose delivered to the AVM margin was 20.5 Gy (median 20 Gy, range 5-36 Gy; Table 3 ). The mean prescription isodose line was 54.0% (median 50%, range 30%-100%). Most of the dose plans involved a multi-isocentric approach; a mean of 3.6 isocenters (median 3, range 1-43) were used.
assessment of obliteration
The mean follow-up after GKRS was 7 years (range 0.5-20 years). Overall, the rate of confirmation of MRI or angiographic obliteration was 64.7% at last follow-up. Complete angiographic obliteration was confirmed in 50.9% of cases, and MRI obliteration was present in another 13.8% of patients. The Kaplan-Meier actuarial rate of obliteration is demonstrated in Fig. 1 . Patients with an AVM volume less than 4 cm 3 and treated with more than 18 Gy were significantly more likely to have obliteration (77.3%) than those with an AVM greater than 4 cm 3 and treated with less than 18 Gy (48.3%, p < 0.001). Independent predictors of overall obliteration in multivariate analysis were younger age (mHR 0.99, 95% CI 0.99-0.99, p < 0.001), lower nidus volume (mHR 0.96, 95% CI 0.94-0.98, p < 0.001), increasing year from when GKRS was performed (mHR 1.1, 95% CI 1.0-1.1, p < 0.001), and higher margin dose (mHR 1.1, 95% CI 1.0-1.1, p < 0.001).
Postradiosurgical complications
Post-GRKS hemorrhage occurred in 165 patients in 15,362 years of follow-up, for an annual risk of 1.1% during the latency period. No hemorrhages were observed in patients with angiographic confirmation of obliteration. Patients with a history of hemorrhage were more likely to have post-GRKS hemorrhage (8.6%) than patients without a history of hemorrhage (6.3%, p = 0.036).
Radiation-induced imaging changes, consistent with transient or permanent increased perinidal T2-weighted changes on follow-up MRI, were radiologically evident in 29.2% of patients, symptomatic in 9.4%, and permanent in 2.7%. Independent predictors of any radiation-induced changes in multivariate analysis were a history of prior radiotherapy (OR 2.2, 95% CI 1.5-3.2, p < 0.001), increasing nidus maximum diameter (OR 1.1, 95% CI 1.0-1.3, p < 0.020), history of hemorrhage (OR 1.6, 95% CI 1.3-2.1, p < 0.001), increasing maximum follow-up (OR 1.0, 95% CI 1.0-1.1, p < 0.001), and increasing margin dose (OR 1.1, 95% CI 1.0-1.1, p = 0.014). Youden indices demonstrated that patients treated with a margin dose greater than 24 Gy were at greatest risk of developing radiation-induced changes (OR 1.8, 95% CI 1.3-2.3, p < 0.001). Similarly, patients treated with greater than 24 Gy were also significantly more likely to experience symptomatic (OR 1.9, 95% CI 1.3-2.8, p = 0.001) and permanent radiation-in- 
assessment of outcome
Favorable outcome (AVM obliteration without postradiosurgery hemorrhage or permanent GKRS-associated symptoms) was achieved in 60.3% of patients. The univariate logistic regression analysis for predictors of unfavorable outcome is detailed in Table 4 . Independent predictors of unfavorable outcome in the multivariate logistic regression analysis were higher nidus volume (OR 1.1, 95% CI 1.0-1.2, p < 0.001), prior AVM hemorrhage (OR 1.4, 95% CI 1.2-1.7, p < 0.001), prior embolization (OR 2.0, 95% CI 1.6-2.5, p < 0.001), eloquent AVM location (OR 1.3, 95% CI 1.0-1.6, p = 0.009), higher number of isocenters (OR 1.1, 95% CI 1.0-1.1, p = 0.011), and lower margin dose (OR 0.87, 95% CI 0.84-0.90, p < 0.001; Table 4 ).
The Spetzler-Martin grade (p < 0.001, AUC 0.60) and RBAS (p < 0.001, AUC 0.62) predicted outcome, but the VRAS score provided the best assessment (p < 0.001, AUC 0.67) (Fig. 2) .
Discussion
AVMs pose a significant lifetime risk of intracranial hemorrhage to affected patients, owing to their relatively young age at presentation and 2%-4% annual hemorrhage risk. 2, 9 Ruptured AVMs require treatment to prevent subsequent hemorrhage, which occurs at a higher rate after the initial hemorrhage. 18, 37 In contrast, the management of unruptured AVMs is currently a subject of intense debate.
Two recent prospective analyses comparing intervention to medical management for patients with unruptured AVMs, A Randomized Trial of Unruptured Brain AVMs (ARUBA) and the Scottish Audit of Intracranial Vascular Malformations (SAIVM) Study, showed significantly worse outcome with intervention that primarily repre- sented endovascular embolization. 3, 26 Despite the major methodological and short-term analyses of the results of both aforementioned studies as well as ample previously published data related to the risks of bleeding and death from an untreated AVM, enthusiasm for aggressive management of these patients has been reported to have waned among physician gatekeepers. 32, 33, 38 Therefore, defining long-term outcomes is crucial to justifying AVM intervention to patients and physicians alike.
avM intervention with gamma Knife radiosurgery
Although resection remains the frontline management designed to obtain early obliteration of AVMs, GKRS has been widely accepted as an effective alternative to surgery for patients with smaller volume AVMs or with AVMs deeply located or in eloquent areas. 20, 39 GKRS causes progressive AVM obliteration by inducing endothelial injury, myointimal proliferation, collagen deposition, vessel hyalinization, and eventual vascular thrombosis and occlusion. 34 This process typically takes place over a period of 2-3 years, although realization of nidal obliteration on neuroimaging occurs at widely varying intervals due to differences in the intervals of radiological follow-up. In this study, the overall obliteration rate was 65%, and the mean time to documentation of obliteration was 46 months after initial GKRS.
In the same manner as obliteration, complications such as radiation-induced changes and latency period hemorrhage also occur in a delayed fashion after GKRS. 29, 39 Radiological evidence of radiation-induced changes generally precedes nidal obliteration, typically occurring at an interval of 6-18 months after GKRS. 43 In this study, the rates of symptomatic and permanent radiation-induced changes were 9% and 3%, respectively, which were similar to those reported in prior single-center series. 15, 43 Patients treated with greater than 24 Gy were at the highest risk of radiation-induced changes. In general, GKRS has not been shown to significantly affect the natural hemorrhage risk of an AVM. 25 However, in our analysis, the annual hemorrhage rate during the latency period was low at 1.1%. Thus, GKRS may confer partial protection from AVM rupture during the time interval before obliteration is confirmed, but this finding may also be a reflection of selection and/ or follow-up bias, because latency hemorrhage rates have been variably reported in the literature.
In the context of ARUBA and the SAIVM prospective AVM study, our findings suggest that radiosurgery confers a durable benefit over conservative management for appropriately selected patients with unruptured AVMs. However, one should note that 39% of patients in this study presented with AVM hemorrhage. Additionally, a number of the patients with unruptured AVMs underwent prior intervention with embolization (22%), fractionated external beam radiotherapy (9%), and/or resection (5%), and would thus be ineligible for ARUBA. The differences in patient baseline characteristics and study design among our analysis, the initial findings from ARUBA, and the SAIVM AVM study are too great to clearly define a role for radiosurgery in management of unruptured AVMs. Nevertheless, we provide preliminary evidence from the collective experience of multiple tertiary referral centers for AVM treatment that radiosurgery can be acceptably offered as an alternative to medical therapy for a patient harboring an unruptured AVM.
Predictors of avM radiosurgery outcomes
AVM volume has been consistently shown to have an inverse relationship with obliteration after GKRS across numerous studies. 29, 39 This finding was supported by our analysis, which found lower nidus volume to be an independent predictor of obliteration (p < 0.001). As one would expect, higher radiosurgical dose delivered to the nidus improves the odds of obliteration. Prior analyses have shown a sigmoid dose-response curve for AVM obliteration. 16 Higher margin dose was independently associated with obliteration in our multivariate model (p < 0.001). Noneloquent location was also an independent predictor of obliteration (p = 0.042). It is also possible that the lower obliteration rates of eloquent AVMs are indicative of the hesitancy of treating physicians to deliver higher margin doses to eloquent nidi. AVMs in eloquent locations were treated with significantly lower mean peripheral doses (20.3 ± 3.7 Gy) than those in noneloquent locations (20.9 ± 3.7 Gy, p = 0.001).
In a number of prior AVM GKRS series, lower obliteration rates have been reported for embolized than for nonembolized nidi. 6, 29, 39 In our study, lack of prior embolization was an independent predictor of obliteration (p < 0.001). However, the effect of embolization on an AVM's biology and its response to GRKS is incompletely understood. 27 The concern that liquid embolic agents may shield the nidus from the radiosurgical dose, by beam scattering or absorption, has been challenged by recent analyses. [5] [6] [7] Embolization has been shown to promote angiogenesis in AVMs, which may increase radioresistance and decrease obliteration rates. 8, 40 Additionally, due to general inability to precisely control the distribution of an embolic agent, AVM embolization can result in an irregular, diffuse nidus, which is difficult to radiosurgically target and thus prone to incomplete obliteration after treatment. 41 Over time, there was a significant increase in rates of obliteration (p < 0.001), suggesting that developments in GKRS technology and a refined understanding of the relationship between patient, AVM, and treatment factors and GKRS outcomes have, over time, yielded improved results.
validation of grading systems for avM radiosurgery
Grading scales integrate individual predictors of outcome into an overall grade or score, which correlates with posttreatment outcomes and, ultimately, serves to guide management decisions. 24, 29, 35 The first, and most widely used, AVM grading system was described by Spetzler and Martin. 35 Although the Spetzler-Martin grade has been shown to correlate with AVM GKRS outcomes (AUC 0.60), it was originally proposed as a grading system for predicting operative morbidity and mortality after surgical intervention. 21, 35 Thus, it may not entirely reflect the factors that most significantly affect outcomes after AVM GKRS.
Subsequently, the RBAS was developed specifically for AVMs treated with radiosurgery and has been shown in our analysis to correlate with outcomes after GKRS (AUC 0.62), although its accuracy is comparable to that of the Spetzler-Martin grading system. 29, 30, 42 However, the use of a mathematical formula to calculate the RBAS, and its output as a continuous variable, may detract from the ease and practicality of its application. We recognized that the durable success of the Spetzler-Martin grading scale is rooted not only in the ability to predict outcomes but also in its simplicity. 36 Therefore, the VRAS was designed to be a practical grading system analogous to the Spetzler-Martin grading scale, except with a focus on factors that enable the optimal prediction of outcomes for AVM radiosurgery rather than microsurgery. 39 Interestingly, the VRAS components were made up of a combination of SpetzlerMartin (eloquence) and RBAS (volume) components. Additionally, the best multivariate predictors of outcome in this study also comprise the VRAS (eloquence, volume, and history of hemorrhage). In this multicenter validation of the VRAS in 2236 patients, which represents, by far, the largest AVM GKRS series ever compiled, we showed that the VRAS was not only significantly associated with favorable outcome after AVM GKRS (p < 0.001), but also that it was superior to both the Spetzler-Martin grading scale and RBAS as a tool for assessing the suitability of an AVM nidus for treatment with GKRS (AUC 0.67).
The superior predictive capability of the VRAS score compared with the Spetzler-Martin grade and RBAS suggests that the composite radiological and clinical end point, favorable outcome, is affected more by AVM nidus volume, eloquent location, and prior AVM hemorrhage than AVM maximum diameter, deep venous drainage, deep AVM location, and patient age. While maximum diameter may be a sufficient indicator of nidus size for the purposes of predicting surgical outcomes, volume is more crucial for determining the optimal margin dose for radiosurgical targeting. 15 Deep-seated AVMs and those with exclusively deep venous drainage are likely to be located in critical brain regions. However, these factors do not account for eloquent cortical AVMs with superficial venous drainage, which are more likely to be associated with symptomatic radiation-induced changes after radiosurgery. 43 Ruptured AVMs are more susceptible to hemorrhage during the latency period and thus unfavorable outcome, which is consistent with the effect of prior hemorrhage on an AVM's natural history. [11] [12] [13] Advanced patient age has been shown to correlate with increased AVM hemorrhage risk and adversely affect surgical outcomes. 22, 23 However, increasing patient age does not appear to consistently confer a higher complication rate after radiosurgery, suggesting that the risk-to-benefit profile for radiosurgery remains favorable in the elderly AVM population. 10 Although the VRAS is the simplest available grading system for predicting AVM radiosurgery outcomes, formulation of an individual assessment requires analysis of all patient, AVM, and treatment characteristics to determine outcomes following intervention.
study limitations
Although this study represents the largest series of AVM GKRS compiled to date, the analysis remains limited by the retrospective nature of the data collected from each of the participating institutions. Some of the data, particularly from the University of Pittsburgh Medical Center and the University of Virginia, were used to help construct prior radiosurgical AVM grading schemes. Thus, the overlapping cohorts represent a potential source for bias, but the lengths of follow-up in the current cohorts are longer than those used to derive the original grading systems.
In this study, 86% of cases of obliteration were confirmed by angiography. However, MRI was shown to be an adequate substitute for angiography in determining obliteration in the remaining patients.
28,31 Thus, we believe that, despite the limitations, this study's multicenter design allows our findings to be generalizable to most AVM patients being considered for radiosurgical treatment.
conclusions
GKRS for cerebral AVMs affords obliteration and avoids permanent complications in the majority of patients treated. Patient, AVM, and treatment parameters can be used to predict long-term outcomes following radiosurgery. Although all 3 currently used grading systems appear predictive of outcome, the VRAS provides a simple and reliable means to predict long-term outcome after GKRS.
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